Introduction
One of the main characteristics appearing in the models of forecasting wind over the sea is the roughness of the sea surface determined by the parameters of the wind waves, quantitatively parameterised by the sea surface drag coefficient C D . To define it we introduce the turbulent shear stress or turbulent momentum flux far from the sea surface 
where ρ a is the air density, u * is the wind friction velocity. Wind is the turbulent boundary layer with the logarithmic mean velocity profile:
Similar to the resistance law of the wall turbulent flow the sea surface drag coefficient is introduced as follows: 2 * 22 10 10
where U 10 -the wind velocity at a standard meteorological height 10 =10 m. which relate this coefficient to U 10 are obtained either by generalizing empirical data (Garratt, 1977; Large & Pond, 1981 , Taylor & Yelland, 2002 Fairall et al., 2003) or by numerical models (see, for example, Janssen, 1989; Janssen, 1991 , Makin et.al, 1994 Hara & Belcher, 2004) . Numerous field measurements give increasing dependencies of C D on wind speed, which relates to increasing of wave heights with the wind. The aerodynamic drag coefficient of the sea surface is a critical parameter in the theory of tropical hurricanes (Emanuel, 1995) . To illustrate it we consider here the ideas of theory of energy balance in a tropical cyclone suggested by (Emanuel, 1986; Emanuel, 1995 , Emanuel, 2003 . According to this theory the mature tropical cyclone may be idealized as a steady, axisymmetric flow whose energy cycle is very similar to that of an ideal Carnot engine, where the hot reservoir is the ocean with the temperature T S and the cold reservoir is .the troposphere with the temperature T 0 . The details of construction and operation of this heat engine are presented in (Emanuel, 1986; Emanuel, 1995 , Emanuel, 2003 , but one of the most important characteristics of a tropical cyclone, the maximum surface wind velocity, which determines its category, can be estimated without details from the Carnot theorem. According to the Carnot theorem, the maximum efficiency of the ideal heat engine is determined by the absolute temperatures of the hot and cold reservoirs:
where Q s is the heat energy entering the system from the hot reservoir and W is the mechanical work done by the system. Heat energy support of the tropical cyclone comes from the ocean (heat flux from the sea surface) and mechanical energy dissipated in the marine turbulent boundary layer (Emanuel, 2003) , the heat energy entering the system is the surface integral of the heat flux from the sea F q and mechanical energy dissipation rate F p :
Mechanical work done by the system compensates mechanical energy dissipation, then
The heat flux from the sea and the mechanical energy dissipation rate are determined by the bulk formula:
here k 0 , k are enthalpy at the sea level and in marine atmospheric boundary layer.
In (7)-(8) C k is heat exchange coefficient (or the Stanton number), C D is surface drag coefficient, defined by equation (3). Taking into account the Carnot theorem (4) and estimating integrals (5) and (6) 
Conventional bulk formulas, derived by generalizing experimental data (Garratt, 1977; Large & Pond, 1981 , Taylor & Yelland, 2002 Fairall et al., 2003) obtained at wind velocities less than 30 m/s, overestimate the drag coefficient of the sea surface under hurricane winds. The estimates presented in (Emanuel, 1995) indicate that energy dissipation due to friction proves too high to explain the observed velocity of a hurricane wind for realistic sources of energy. The problem of explaining high wind velocities during hurricanes can be resolved if the drag coefficient of the sea surface does not increase with increasing wind velocity. To explain high quantities of wind speeds observed in tropical cyclones Emanuel, 1995 suggested that the drag coefficient flattens and even decreases at high wind speed in contradiction with intuition, since, it follows then, that sea surface should be effectively smoothed under the hurricane conditions. However, in the late 90-th these dependencies were observed experimentally in the field and laboratory conditions (Powell et al, 2003) .
Observations of the sea surface drag reduction
The effect of sea surface drag reduction under hurricane wind was discovered by (Powell et al, 2003) in their experiments on measurements of the wind velocity profiling in the marine atmospheric boundary layer associated with tropical cyclones by 331 Global Positioning System sondes dropped in 15 storms. The wind friction velocity u* can be easily retrieved from equation (2) and sea surface drag can be calculated from its definition (3). Analysis of these measurements in (Powell et al, 2003) showed that that the drag coefficient of the sea surface is much less than the extrapolation of data measured at "usual winds" and even decreases if the wind velocity exceeds 30-35 m/s (see fig.1а ). More precisely, according to (Powell, 2007) surface drag depends significantly on the sector of the tropical cyclone, where it is measured. The similar dependencies of the surface drag coefficient on the wind speed were retrieved from the measurements of the ocean currents driven by the tropical cyclone Andrew (Jarosz et al., 2007) . As it was reported in (Jarosz et al., 2007) on 15 September 2004, the centre of Hurricane Ivan passed directly over current and wave/tide gauge moorings on the outer continental shelf in the north-eastern Gulf of Mexico. Analysis of the along-shelf momentum balance in the water column, when the current structure was frictionally dominated was made within the following equation:
(where U and V are depth-integrated along-and cross-shelf current velocity components, f is the Coriolis parameter, ρ is the water density, τ sx is the along-shelf wind stress component, H is the water depth, and r is the constant resistance coefficient at the sea floor). Equation (10) enables one to retrieve the wind stress τ sx and estimate the sea surface grad coefficient by of the equation (3) using independently measured wind velocity. The results produced from evaluation of this procedure presented in (Jarosz et al., 2007) show a decreasing trend of C D for wind speeds greater than 32 m s −1 (see fig.1b ). So field measurements of the wind stress both from the atmospheric and ocean sides of the air-sea interface show that the sea surface drag coefficient is significantly reduced at hurricane wind speeds in comparison with the extrapolation of the experimental data obtained at "normal" wind speeds and even decreases for U 10 exceeding 35 m/s. The similar effect was observed in laboratory experiments performed at the Air-Sea Interaction Facility at the University of Miami (Donelan et al., 2004) . In that experiment the aerodynamic resistance of the water surface was measured by three different methods: using the profile method (in which the vertical gradient of mean horizontal velocity is related to the surface stress), the Reynolds stress method, and the momentum budget method based on analysis of a momentum budget of water column sections of the tank (Donelan et al., 2004) . In comparison with two others, the latter method is insensitive to droplets suspended in the airflow at high wind speeds. The wind speed was measured at 30 cm height in the tank and extrapolated to the standard meteorological height of 10 m using the well-established logarithmic dependence on height (Donelan et al., 2004) . All methods were in excellent agreement, and the momentum budget method enabled Donelan et al 2004 to measure the wind stress and aerodynamic resistance coefficient of the water surface up to equivalent 10-m wind speeds about 60 m/s. Figure 2 from (Donelan et al., 2004) Fig. 2. Laboratory measurements of the neutral stability drag coefficient (reproduced from Donelan etal, 2004) www.intechopen.com demonstrates a remarkable levelling of the drag coefficient for the 10-m wind speed exceeding 33 m/s. The difference between C D dependencies on the wind speed in field and laboratory experiments is discussed in (Donelan et al., 2004) . Possibly it is due to strong inhomogenity and non-stationarity of the wind in the hurricane eye walls, where the constant stress concept derives from the boundary layer Reynolds equations is not confirmed. So it can be concluded both from field and laboratory data, that the growth of the aerodynamic roughness of the water surface with wind speed is significantly reduced at extremely high winds in spite of increasing of surface wave heights. Several theoretical models were suggested for explanation of this empirical fact.
Possible mechanisms of the sea surface drag reduction at extreme wind speeds
Among a number of possible theoretical mechanisms suggested for explanation of the effect of the sea surface drag reduction at hurricane winds two groups of the models can be specified. First, (Kudryavtsev & Makin, 2007) and (Kukulka et al., 2007) explain the sea surface drag reduction by peculiarities of the airflow over breaking waves, which determine the form drag of the sea surface. For example, in (Donelan et al., 2004) , the stabilization of the drag coefficient during hurricane winds is qualitatively explained by a change in the shape of the surface elevation in dominant waves at wind velocities above 35 m/s, which is accompanied by the occurrence of a steep leading front. In this case, occurrence of flow separation from the crests of the waves is assumed. This assumption is based on the laboratory experiments by (Reul et al., 1999) , where airflow separation was observed at the crests of breaking waves by the PIV method. According to hypothesis by Donelan et al, 2004 , existence of the airflow trapped in the separation zone skips the portions of the water surface in the troughs of the waves and thus, in conditions of continuous breaking of the largest waves the aerodynamic roughness of the surface is limited. Besides, generation of small-scale roughness within the separation zone is reduced due to sheltering, which can also reduce the surface resistance. This effect is expected to be dominant for the case of young sea (or in laboratory conditions as in (Donelan et al., 2004) , when wave breaking events are not rare even for energy containing part of the surface wave spectrum. Another approach more appropriate for the conditions of developed sea exploits the effect of sea drops and sprays on the wind-wave momentum exchange (Andreas & Emanuel, 2001 , Andreas, 2004 , Makin, 2005 , Kudryavtsev, 2006 . (Andreas & Emanuel, 2001) and (Andreas, 2004) estimated the momentum exchange of sea drops and air-flow, while (Makin, 2005) and (Kudryavtsev, 2006) focused on the effect of the sea drops on stratification of the air-sea boundary layer similar to the model of turbulent boundary layer with the suspended particles by (Barenblatt & Golitsyn 1974) . Suspended heavy particles (drops) in the marine turbulent boundary layer create stable stratification suppressing the turbulence, and then decreasing the effective viscosity of the turbulent flow and the aerodynamic resistance. In the same time, there is another effect of sea drops, the particles injected from the water surface should be accelerated, and then they consume some momentum flux from the airflow, increasing the surface drag in the turbulent boundary layer. In the paper by (Troitskaya & Rybushkina, 2008 ) the sea surface drag reduction at hurricane wind speed is explained by reducing efficiency of wind-wave momentum exchange at hurricane conditions due to sheltering, but sheltering without separation. This assumption is motivated by reports of eye-witnesses of strong ocean storms, who confirmed that the sea at hurricane wind is unexpectedly smooth and wave breaking is a relatively rare event (see references in (Andreas, 2004) . Relatively smooth water surface presents at the video-films taken on board of the research vessel ``Viktor Buinitsky'', when it passes a polar lo in the Laptev sea and the Kara sea in October 2007 (cruise within the project NABOS -Dr.Irina Repina private communication). These visual observations are also confirmed by the instrumental measurements by (Donnely et al., 1999) ,, who observed saturation of the Cband and Ku-band normalized radar cross-section (NRCS) for wind speed above 25-30 m/s. Similar reduction of NRCS was observed in the laboratory tank experiments by (Donelan et al., 2004) . Microwave power scattered from the water surface is formed by i) the Bragg scattering at short waves and ii) by reflection from wave breakers, i.e. the NRCS reduction supports evidence of smoothing of the sea surface by reducing both short wave roughness and wave breaking events. Mechanisms of unusual smoothness of the sea surface are unknown. (Andreas, 2004) suggested two possible explanations of this effect. One supposes the effect of bubbles on surface tension. Another possible explanation exploits the effect of spume drops torn from the wave crests by wind and then falling back as a kind of strong rain, which causes effective damping of surface waves according to a number of experiments (see ex. (Tsimplis, & Thorpe, 1975) .
In spite of a number of theoretical hypotheses the problem of explanation of the effect of surface drag reduction at hurricane winds is not solved mostly due to the lack of experimental data.
Laboratory modelling of the air-sea interaction under hurricane wind
In this section we describe the results of new laboratory experiments devoted to modelling of air-sea interaction at extremely strong winds.
Experimental setup and instruments
The experiments were performed in the wind-wave flume built in the Large Thermostratified Tank of the Institute of Applied Physics. The centrifugal fan equipped with an electronic frequency converter to control the discharge rate of airflow produces the airflow in the flume with the straight part 10 m. The operating cross section of the airflow is 40*40 cm 2 , whereas the sidewalls are submerged at a depth of 30 cm. Wave damping beach made of a fine mesh is placed at the airflow outlet at the end of the flume. Aerodynamic resistance of the water surface was measured by the profile method at a distance of 7 m from the outlet. Wind velocity profiles were measured by the L-shaped Pitot tube intended for measuring flow velocities of up to 20 m/s (the axis velocity in the flume 25 m/s approximately corresponds to U 10 =50-60 m/s). Simultaneously with the airflow velocity measurements, the 3-channel string wave gauge measured waves at the water surface. The experiment was accompanied by video shooting of the top view of the water surface.
Peculiarities of the profile method for measuring surface drag coefficient in aerodynamic tunnels
The classical profiling method of measuring surface drag coefficient is based on the property of steady wall turbulent boundary layer to conserve tangential turbulent stress u * 2 , then the average flow velocity is logarithmic and the wind friction velocity u * can be easily determined from (2), if the velocity profile is measured. However developing turbulent boundary layers are typical for the aerodynamic tubes and wind flumes, then three sublayers at different distances from the water can be specified: viscous sub-layer, layer of constant fluxes and "wake" part (see fig.3a ). The viscous sub-layer, where viscous effects are essential, exists over the hydrodynamically smooth surfaces at the distances less than 20÷30 ν/u * (ν is the kinematic viscosity), for moderate winds it is about 1 millimetre. The "wake" part is the outer layer of the turbulent boundary layer, where the boundary layer flow transits to the outer flow in the tube. Its thickness δ increases linearly from the outlet of the flume. The layer of constant fluxes is extended from the upper boundary of the viscous sub-layer to approximately 0.15δ. Only in the layer of constant fluxes the flow velocity profile is logarithmic and can be extrapolated to the standard meteorological height H 10 . Typically in wind flumes the constant layer thickness is less than 10 cm. Measuring of wind velocity profiles at the distance less than 10 cm from the wavy water surface at strong winds is a difficult problem mainly due to the effect of sprays blown from the wave crests. Fortunately, parameters of the layer of the constant fluxes can be retrieved from the measurements in the "wake" part of the turbulent boundary layer, because the velocity profile in the developing turbulent boundary layer is the self-similar "law of wake" (see Hinze, 1959) . The self-similar variables for the velocity profile and vertical coordinates are z/δ and (U max -U(z))/u * ., where U max is the maximum velocity in the turbulent boundary layer. The self-similar velocity profile can be approximated by the following simple equations (see Hinze, 1959) : -in the layer of constant fluxes 
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Collapse of all the experimental points in one curve in self-similar variables occurred in our experiments (see fig.3b ). The parameters in equations (11) (12) were obtained by the best fitting of the experimental data: α=1.5, β=8.5. The parameters of the logarithmic boundary layer can be retrieved from the measurements in the wake part of the turbulent boundary layer, first, retrieving parameters of turbulent boundary layer (U max and δ) by fitting experimental data by equation (12) and then calculating parameters of the logarithmic boundary layer by the following expressions:
where ( )
Expression for C D via measured parameters u * , U max and δ follows from equations (13-14):
Wind velocity profiles were measured for 12 values of the centerline velocity from 6 m/s to 24 m/s with the resolution 0.3-0.5 cm. Each point at the velocity profile was determined by averaging over 30 sec. C D and U 10 were calculated by equations (15) and (11) respectively. The obtained dependency of the surface drag coefficient on 10-m wind speed is presented in fig. 4a together with the data taken from the paper by Donelan et al, 2004 . The data obtained at two different facilities are rather close to each other both at the low and high wind speeds; the difference in C D is less than 10%. The tendency to saturation of the surface drag coefficient is clearly visible for both data sets, although the thresholds of wind speeds for the saturation are slightly different (33 m/s for the data by Donelan et al, 2004 and 24 .5 m/s for our data set). Possibly it is due to differences in the details of data processing.
The values of C D obtained in laboratory by (Donelan et al., 2004) slightly exceed the data obtained in field conditions (see fig.4b ). Besides, decreasing of C D for 10-m wind speed exceeding 35 m/s reported in (Powel et al., 2003) was not observed by (Donelan et al., 2004) . Our laboratory data set is in better agreement with the field data, although, extremely large wind speeds, when C D is decreasing, were not achieved in our facility. Possibly, the differences between field and lab data are due to two main reasons. First, although similarity between lab and sea conditions 1 can be expected at strong winds, because in both cases the wave phase velocities is much less than the wind speed and then the peculiarities of the air flow over the waves are similar, the fetches in the laboratory facilities are much lower than in the field conditions. Then the waves in the lab are shorter and steeper than in the sea and enhanced aerodynamic resistance of the water surface can be expected. Second reason was suggested by (Donelan et al., 2004) . In laboratory facility we investigate windwave interaction in stationary conditions of spatially developing turbulent boundary layer. In the field conditions, the wind in hurricane eye walls is strongly unsteady and inhomogeneous flow. 
Wave field at strong winds in laboratory conditions
Aerodynamic roughness of the sea surface is conditioned to waves at the water surface including strong wind conditions. According to (Powel, 2007) surface drag depends significantly on the part of the tropical cyclone, where it is measured. The sea surface drag is strongly enhanced in the left front part of the tropical cyclone in comparison with right and rare parts. The data are not sufficient for final conclusions, but it seems, that the aerodynamic drag depends on the wave field, which is significantly different in different sectors of the tropical cyclone. The wind wave field parameters in the flume was investigated by three wire gauges positioned in corners of an equal-side triangle with 2 cm side, data sampling rate was 100 Hz Three dimensional frequency-wave-number spectra were retrieved from this data by the wavelet directional method (M. Donelan et al., 1996) . The wave fields at different wind speeds are characterized by narrow wave-number spectra ( fig.5a ) with the peak wavenumber decreasing with the wind speed. It is clearly visible from fig.5a that the shapes of the spectra tend to saturation from the 10-m wind speed U 10 exceeding 24.5 m/s. The similar tendency occurs in the dependence of the integral parameters of the wave field on the wind speed. For example, fig.5b clearly shows, that the average slope of the peak wave S=H s k p /4 (where H s is the significant wave height, k p is peak wave number) saturates when U 10 >25m/s (see fig.5b ). It means that at the wind speed about 24.5 m/s changing of the regime of the wave field occurs. Comparing the dependencies of the dominant wave slope on the wind speed with the drag coefficient dependency also shown in fig. 5b shows that the wave field regime changing correlate with saturation of the surface drag dependence of the wind speed.
The photos of top views of the water surface elucidate a possible origin of the changing of the regime of the waves wave field at 10-m wind speeds exceeding 24.5 m/s. Starting from this threshold wave breaking is intensified, because the crests of the waves are blown away by the strong tangential wind stress. It is accompanied with sprays, drops and bubbles near the wave crests, visible at the photos. Blowing away the crests of waves which steepness exceeds a definite threshold lead to the effective smoothening of the waves and the slope of the dominant wave then does not depend on wind speed as it shows fig. 6c . Basing on the theoretical model of wind turbulent boundary layer over wavy water surface, we investigated, whether this wind smoothening of the surface is sufficient for explanation the surface drag reduction.
Theoretical model of aerodynamic resistance of the wavy water surface at extreme wind conditions
The first step in the theoretical interpretation of the effect of the sea surface drag reduction at strong winds is calculation of the surface form grad. This part of the total aerodynamic resistance describes influence of the roughness of the surface. We can expect, that smoothening of the water surface by very strong wind significantly reduces the form drag and possibly can explain the experimental results. Then the effect of sprays and drops will be estimated. 
The theoretical model of turbulent wind over waved water surface
The wind is regarded as a turbulent boundary layer over the wavy water surface described within the first order semi-empirical model of turbulence based on the set of the Reynolds equations:
and the following expressions for the tensor of turbulence stresses:
Here <...> denotes the quantities averaged over turbulent fluctuations, ν is the turbulent viscosity coefficient, a given function of z. We use a self-similar expression for the eddy viscosity coefficient in the turbulent boundary layer:
where a is the air molecular viscosity. We used the approximation for f obtained by (Smolyakov, 1974) 
In this expression L is a number, which determines the scale of the viscous sublayer of a turbulent boundary layer; it depends on the regime of the flow over the surface.
Comparison with the parameters of the velocity profile in the turbulent boundary layer from (Miles, 1959) gives L=22.4 for hydrodynamically smooth surface, L=13.3 for the transition regime of a flow over surface, and L=1.15 for rough surface.
The boundary conditions at the air-sea interface z= (x,y,t) are: 
<u>, <v> are the x-and y-components of the velocity field in the air, averaged over turbulent fluctuations, are the tangential velocity components in water and in air. The random field of the water surface elevation is presented as a Fourier-Stieltjes transform: kk k = is a two-dimensional wave vector, ω is the frequency of surface waves. For a statistically homogeneous and stationary process the wavenumber-frequency spectrum ( , )
Fkω can be introduced as follows
To avoid strong geometric nonlinearity, the transformation to the wave-following curvilinear coordinates is performed: 
( )
here ϕ is the angle between the wavenumber wave vector k and direction of x-axis. In the linear approximation, the coordinate surface η=0 coincides with the waved water surface. The solution to the set of the Reynolds equations (16) is searched as a superposition of mean wind field () 0 U η and disturbances induced in the airflow by waves at the water surface.
Then, the velocity field is as follows: 
=+ ∫
The wave-wind interaction is considered here in the quasi-linear approximation similar to the approach developed by (Jenkins, 1992) , (Janssen, 1989) and (Reutov & Troitskaya, 1995) . Then the wave disturbances induced in the airflow by the waves at the water surface are described in the linear approximation and can be considered independently. The coordinate transformation (22) can be considered as a superposition of formal coordinate transformations for each single harmonic. Nonlinear terms or wave momentum fluxes enter into the equations for the components of mean velocity. Consider first equations for the disturbances induced by a single harmonic wave at the water surface with the wave vector k , frequency ω and amplitude dA. We introduce the formal coordinate transformation, where the coordinate line η=0 coincides with the water surface disturbed by this single harmonic wave 
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We consider solutions to the system (29a,b), (30) decreasing at large distances from the surface, i.e.
Boundary conditions at the water surface for the system (29a,b) follow from (20) and (21) expressed in curvilinear coordinates (see (Reutov & Troitskaya, 1995) ) for details. Since according to (32) nonlinear addition to the wind velocity profile is determined by the frequency-wavenumber spectrum S(ω,k, ϕ) of surface waves, then the spectrum is a critical component of the model. In our laboratory experiment we measured the airflow velocity profile together with the elevation of the water surface in 3 close points. These data are sufficient for retrieving 3-dimensional spectrum S(ω,k) needed for calculating the form drag and comparing with the experimental data. High frequency part of the spectrum, which can contribute to the surface roughness, was interpolated on the base of available data by the power law with the exponent determined from the experimental spectra.
Fine structure of turbulent air flow over steep and breaking waves
Let us discuss first applicability of the suggested model for description of the airflow over steep and breaking waves which occurred in the flume at strong winds. The model exploits two main suppositions: the closing hypothesis and the quasi-linear approximation for description of the the wind-wave interaction. The quasi-linear approximation presumes, that wave-induced disturbances in the air flow are considered in the linear approximation, i.e. wave-induced disturbances in the air flow are considered in the linear approximation, but the resistive effect of the wave momentum flux on the mean flow velocity profile is taken into account, i.e. within the model the mean airflow over waves is treated as nonseparated.
One can expect existence of strong nonlinear phenomena such as sheltering, flow separation, etc., for the cases of steep and breaking waves. These phenomena were investigated by means of contact methods and smoke visualization in the laboratory experiments by (Banner & Melville, 1976) , (Kawamura & Toba, 1979) , (Kawai, 1981) , (Kawai, 1982) , (Hsu & Hsu, 1983) , (Hsu et al., 1981) . Major difficulties in these experiments are concerned with the measuring of the airflow close to the water surface, especially in the troughs of the waves. These measurements can be performed by means of the wavefollowing contact technique ( (Hsu & Hsu, 1983) , (Hsu et al., 1981) , (Donelan et al., 2005) . Also, the problem of measurement of the wind flow below the crests of the waves was solved by (Kawai, 1981) , ( Kawai, 1982) by means of seeding the flow by small particles visualized with a strobe source of light and application of special photograph technique. Kawai's experiments demonstrated occurrence of the airflow separation from the crests of steep waves on the instant images of the flow. Recently, the structure of an airflow over waves was investigated in detail by the method of particle image velocimetry (PIV) (Adrian, 1991) , when the flow is seeded with the small particles illuminated by the laser light and then taken with a digital camera. This technique was applied by (Reul et.al., 1999) , (Reul et.al., 2008) and (Veron et. al., 2007) and clearly demonstrated the effect of the airflow separation from the crests of the waves and reattachment at the windward face of the wave on the instantaneous patterns of the vector velocity fields. It should be emphasized that the PIV technique provides an instant picture of the velocity field, but the flow separation in the turbulent boundary layer over a gravity wave is a strongly non-stationary process due to both the stochastic character of the airflow and the brevity of the breaking event, which usually occurs within a small part of the wave period (Duncan et al., 1999) . At the same time, the models of the air-sea fluxes and wind wave growth exploit the wind flow parameters averaged over turbulent fluctuations. We combined measurements of the instant airflow velocity fields over surface waves with statistical averaging (Troitskaya et al., 2010) . The statistical ensemble of such vector fields for subsequent averaging was obtained by means of high-speed video filming and processing of the video-films by the PIV algorithm. Individual flow realizations manifested the typical features of flow separation similar to those obtained by (Kawai, 1981) , (Kawai, 1982) , (Reul et.al., 1999) , (Reul et.al., 2008) and (Veron et. al., 2007) . The average parameters were retrieved by the phase averaging of the individual vector fields. The averaged flow patterns appear to be smooth and slightly asymmetrical, with the minimum of the horizontal velocity near the water surface shifted to the leeward side of the wave profile (compare fig.6a, b) . The results of these measurements were compared with the calculations within the quasilinear model of turbulent boundary layer described in section 5.1. The wave parameters (wavelength, celerity, steepness), used in this comparison of theory with experiment, were retrieved from the same video films as those used for the airflow velocity calculations. The model calculations were in a good agreement with the experimentally measured and conditionally averaged mean wind velocity, turbulent stress and also amplitude and phase of the main harmonics of the wave-induced velocity components. (see fig.7a ,b). Applicability of the non-separating quasi-linear theory for description of average fields in the airflow over steep and even breaking waves, when the effect of separation is manifested at the instantaneous flow images, can possibly be explained qualitatively by the strongly non-stationary character of the separation process with the typical time much less than the wave period, and by the small scale of flow heterogeneity in the area of separation. In such a situation small-scale vortices produced within the separation bubble affect the mean flow and wind-induced disturbances as eddy viscosity. Then the turbulence of the flow affects the averaged fields as a very viscous fluid. Then the effective Reynolds number for the average fields determined by the eddy viscosity is not large even for steep waves. It follows from this assumption that strongly non-linear effects such as flow separations should be not expected in the flow averaged over turbulent fluctuations. We were encouraged by these results to apply the quasi-linear model for calculation of the form drag of the water surface at strong winds. Dependency of the form drag of the water surface calculated within the model (29-32) for the parameters measured in the flume are presented in fig.8 together with the measured sea surface drag coefficient. It is clear that both at low and moderate winds and at strong winds (exceeding threshold value 24.5 m/s) the model is in good agreement with data. So saturation of the average slope of dominant waves enables one to explain saturation of the surface resistance, both qualitatively and quantitatively. Fig. 8 . Dependence of surface drag coefficient on wind speed, comparing theory and laboratory experiment. Measurements -closed circles, theoretical calculations: squareswith short wave spectrum of surface waves, crosses -neglected short wave spectrum of surface waves.
We also investigated sensitivity of the model to the spectrum of surface waves. In calculations shown in fig.8 by crosses the effect of short surface waves was eliminated by cut off surface wave spectrum at the wave number 120 m -1 . Comparison presented in fig.8 shows noticeable dependence of C D o n t h e h i g h w a v e n u m b e r p a r t o f t h e s p e c t r u m . Unfortunately, measurement of the spectrum of short waves (cm and mm wave length) with high space resolution is a difficult problem especially at strong wings. Optical methods developed by (Jähne et al, 2005) , (Rosholtz, 2010) are promising for laboratory conditions.
Conclusion and discussion
So at extremely strong wind sea surface drag coefficient in the field and laboratory conditions demonstrates anomalous flattening or even decreasing dependency on the wind speed. Here we suggest a possible explanation of this phenomenon due to smoothening of the water surface by strong wind stress blowing away the crests of steep surface waves. This supposition is confirmed by our laboratory experiments when both wind and wave spectra were measured. Predictions of the theoretical model are in good agreement with the measurements.
It is important to discuss relation of wind-wave interaction in field and laboratory conditions at extremely strong winds. First of all, the laboratory and field conditions strongly differ in fetch. Waves in laboratory flumes are extremely "young" in comparison with nature, i.e. they correspond to the initial stage of the wave development. At this stage the phase velocity of the waves corresponding to the spectral peak c p is small in comparison with the wind speed U 10 . , i.e. the age parameter of the waves c p / U 10 <<1. The wind-wave interaction is the resonant process and interaction is concentrated in the layer where the wind speed is close to the phase velocity of the wave. In the theory by (Miles, 1957) , (Miles, 1959 ) the interaction occurs in the critical layer, where the wind and wave velocities coincide. In more complicated models including the model described in section 4 the interaction occurs in a layer of constant thickness. Since the wind velocity profile is very sharp, this layer is very thin and it is positioned very close to the water surface up to c p <U 10 /2 (Phillips, 1977) and the approximation of the "young" sea is valid. Then it follows, that the region of wind-wave energy exchange is positioned close to the water surface for "young" waves and slightly depends on the wave age parameter. In other words, since "young" waves propagate much slowly than wind they interact with the wind as almost stationary surface roughness. The wave age parameter can be easily estimated by the empirical formula suggested by (Donelan, 1985) : The wind speed distribution in a tropical cyclone is inhomogeneous. Let us first estimate the wave age parameter of waves generated by maximal wind speed, then x approximately equal to the radius of the maximum wind r 0 . For a typical r 0 =50 km, U 10 =60 m/s we get U 10 /c p =4.3. For the gale force wind area typically x=150 km, U 10 =20 m/s, then U 10 /c p =1.4. These estimates show, that the approximation of the "young sea" can be applied for description of the air-sea interaction near the radius of maximum winds similar to laboratory conditions. Taking into account that C D at high wind is saturated at approximately 0.002 yields for the field conditions of hurricane near the region of maximal winds Re t ≈10 and in the laboratory conditions Re t ≈5. So, the quantities of the governing parameters in the laboratory and field conditions are close. Then we can expect, that we can model of the air-sea momentum exchange in laboratory flumes. It should be mentioned, that there are some other effects of air-sea interaction at hurricane wind conditions, which can be specially investigated in laboratory. The hurricane wind waves are strongly affected by swell generated near the hurricane walls, where the wind speed is maximal. This swell is "mixed" with the local wind waves producing complex multi-modal spectra (Young, 2006) . Effect of the swell on the sea surface drag was discussed qualitatively in (Powel, 2007) . In the flumes the swell can be modelled by artificially generated long waves. This book represents recent research on tropical cyclones and their impact, and a wide range of topics are covered. An updated global climatology is presented, including the global occurrence of tropical cyclones and the terrestrial factors that may contribute to the variability and long-term trends in their occurrence. Research also examines long term trends in tropical cyclone occurrences and intensity as related to solar activity, while other research discusses the impact climate change may have on these storms. The dynamics and structure of tropical cyclones are studied, with traditional diagnostics employed to examine these as well as more modern approaches in examining their thermodynamics. The book aptly demonstrates how new research into short-range forecasting of tropical cyclone tracks and intensities using satellite information has led to significant improvements. In looking at societal and ecological risks, and damage assessment, authors investigate the use of technology for anticipating, and later evaluating, the amount of damage that is done to human society, watersheds, and forests by land-falling storms. The economic and ecological vulnerability of coastal regions are also studied and are supported by case studies which examine the potential hazards related to the evacuation of populated areas, including medical facilities. These studies provide decision makers with a potential basis for developing improved evacuation techniques.
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